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THE AQUA PROGRAM
The program AQUA (Advanced Quality Assurance) of the TERA foundation [1] aims at the development of
diagnostic instruments in hadrotherapy for CNAO (Centro Nazionale di Adroterapia Oncologica):
PRR: Proton Range Radiography
,
IVI: Interaction Vertex Imaging
NST: Nuclear Scattering Tomography
Crystal-PET and RPC-PET: In-beam dose monitoring of ion-induced PET emitters

PROTON RANGE RADIOGRAPHY
Measuring position and residual energy (or
range) of a beam of mono-energetic protons
after an absorber one can deduce the
integrated density along the trajectory and
build a 2-D density map of the target. Proton
radiography has the advantage of reflecting the
true density distribution in the target, in
contrast to the more complex dependence of
absorption on atomic composition for X-rays [2].

For a charged particle traversing a target the energy lost, D
E,
is given by

where r
(l) and S(l,El) are density and stopping power of the medium after a
penetration, l, and residual energy, El.

PROTON RANGE TELESCOPE
Since the residual range of the particle depends
roughly on the energy as
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where a
and p are parameters of the material, it
follows that measuring the range gives the
information needed for radiology. The AQUA PRT
makes use of a pair of position-sensitive tripleGEM detectors (Gas Electron Multipliers), which
track protons emerging from the target. A stack
of 28 plastic scintillators having 3mm thickness
measures their residual range.
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SYSTEM PERFORMANCE
(Right): The average Bragg energy-loss profile recorded
for 93 and 126MeV protons at the Paul-SherrerInstitute (PSI-Villigen) shown. The penetration is given
in scintillation counters units (3mm).
(Far-right): Using a simple recognition of the deepest
scintillator with signal over threshold, one obtains the
“digital” range determination shown for 72 and 99MeV. A
gaussian fit provides a resolution of 0.52 units of
scintillator thickness, or 1.5mm rms.

(Bottom-right): The plot shown summarizes the results of the PSI test beam exposures, providing the measured range in the
scintillator stack as a function of beam energy. Points shown in red, with larger error bars, has been obtained with a beam
degrader close to the PRT and correspond to a larger beam energy spread. The expected relative density resolution in the target
is given approximately by:

where L is the target length, s
R the range resolution and N the number of events per image pixel [2] [3]. With s
R ~ 2 mm, L= 200
mm, a density resolution of ~ 0.1% is obtained with 100 counts per pixel; with 2x2 mm2 pixels and an image size of 20x20 cm2 this
requires the recording of about 106 proton tracks, or 10 seconds of data taking in the present setup. A faster electronics, under
development, will reduce the acquisition by a factor of ten, permitting to study organ motions or to realize tomographies.
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(Right): Each 3mmthick scintillator
module is coupled
to a 1mm diameter
wavelength shifter
fiber and read out
with solid state
sensors (SiPM).
Two 10mm-thick
scintillator
modules, located
after the GEM
detectors, are
used for triggering
and initiate
readout of the
GEMs and
scintillators. For
each event,
individual pulse
heights are
digitized with a
fast ADC and sent
to computer over a
USB connection.

(Below): The pulseheight distribution
obtained with a single
3mm scintillator when
exposed to minimum
ionizing electrons.

